1. Introduction {#sec1}
===============

Diabetic retinopathy (DR) is characterized by abnormal neovascularization of the retina, endothelial dysfunction, and vascular inflammation. DR pathogenesis is linked to several cytokines including vascular endothelial growth factor (VEGF), tumor necrosis factor (TNF), and interleukin-6 (IL-6) \[[@bib1], [@bib2], [@bib3]\]. Other changes that contribute to DR development include increased advanced glycation end-products (AGEs), overexpression of integrins and adhesion molecules, and increased oxidative stress in the retina \[[@bib3], [@bib4], [@bib5], [@bib6], [@bib7]\].

IL-6 is a pleiotropic cytokine known to be elevated in the serum and vitreous of DR patients \[[@bib8], [@bib9], [@bib10], [@bib11], [@bib12]\]. Recent studies suggest the pro-inflammatory effects of IL-6 in vasculature are mainly mediated by a soluble form of the IL-6 receptor (sIL-6R) via a mechanism known as IL-6 trans-signaling \[[@bib13], [@bib14], [@bib15]\]. IL-6 trans-signaling is implicated in the pathogenesis of several inflammatory diseases, including arthritis, pulmonary fibrosis, and cancer \[[@bib13],[@bib16],[@bib17]\]. Levels of sIL-6R are elevated in patients with DR, suggesting a role for IL-6 trans-signaling in DR pathology \[[@bib16], [@bib17], [@bib18], [@bib19], [@bib20], [@bib21]\]. The commercially available compound sgp130Fc (soluble gp130-IgG1 fused chimera) selectively binds the IL6-sIL6R complex and does not interfere with IL-6 alone, allowing for selective inhibition of IL-6 trans-signaling.

Reactive oxygen species (ROS) play an important role in the pathology of retinal damage in DR. Hyperglycemia induces over-activation of cellular glucose metabolism, leading to increased flux through the tricarboxylic acid (TCA) cycle and elevated levels of superoxide-generating TCA intermediates \[[@bib22]\]. Elevated ROS production disrupts the oxidative balance maintained by cellular antioxidant defense systems, leading to oxidative damage to DNA, lipids, and proteins, thus disrupting normal cellular function \[[@bib6],[@bib23], [@bib24], [@bib25]\]. In addition to direct oxidative damage, superoxide production also activates the polyol, hexosamine, and protein kinase C pathways, along with production of AGEs \[[@bib25],[@bib26]\].

We recently published that exogenous stimulation of IL-6 trans-signaling contributes to inflammation, increased ROS generation, and barrier dysfunction in retinal endothelial cells \[[@bib27]\]. Selective inhibition of IL-6 trans-signaling using sgp130Fc could mitigate these effects \[[@bib27]\]. In the present study, we evaluated the effects of IL-6 trans-signaling inhibition on both systemic and retinal oxidative stress in a streptozotocin (STZ)-induced mouse model of early diabetic retinopathy.

2. Materials and methods {#sec2}
========================

2.1. Animal studies {#sec2.1}
-------------------

Eight week-old male C57BL/6J mice were randomly assigned to four groups: controls, diabetic, diabetic with sgp130Fc treatment, and non-diabetic controls with sgp130Fc treatment (n = 8 per group). Diabetes was induced in two groups using streptozotocin (STZ) injections (65 mg/kg STZ in sodium citrate buffer 0.05 M, pH 4.5) daily for five days. After eight weeks of hyperglycemia, appropriate treatment groups received 5 mg/kg sgp130Fc (mouse sgp130Fc protein, R&D Systems, Minneapolis, MN) \[[@bib28],[@bib29]\], by intraperitoneal injection twice weekly for 2 weeks. After 10 weeks, mice were euthanized and blood, tissues, and vitreous fluid were collected for molecular studies.

2.2. Measurement of oxidative stress markers in serum, plasma, and vitreous fluid {#sec2.2}
---------------------------------------------------------------------------------

Total antioxidant capacity in serum was measured using colorimetric assay kit (Cayman Chemical, Ann Arbor, MI). Malondialdehyde (MDA) levels in plasma were measured by ELISA (Cat \#K739-100, BioVision, Milpitas, CA). Protein carbonyl content in vitreous fluid was measured using Protein Carbonyl Colorimetric Assay kit (Cat \# 10005020, Cayman Chemical, Ann Arbor, MI).

2.3. Immunohistochemistry {#sec2.3}
-------------------------

Retinal sections were evaluated for 8-hydroxy-2′-deoxyguanosine (8-OHdG), a marker of oxidative DNA damage \[[@bib30]\], by immunohistochemistry, using anti-8-OHdG monoclonal antibody (1:200 dilution; \#SC-66036, Santa Cruz Biotechnology, Dallas TX) and 3,3′-diaminobenzidine tetrahydrochloride (DAB) peroxidase substrate kit (Vector Laboratories, CA, USA). The fluorescent dye dihydroethidium (DHE) was used to measure superoxide levels in fresh frozen retinal tissue as previously published \[[@bib31]\]. For malondialdehyde (MDA) staining, cryosections were incubated overnight with MDA antibody (Abcam \#ab6463, Cambridge, MA; 1:200 dilution), and with AlexaFluor 488 secondary antibody (Invitrogen, Carlsbad, CA; 1:200 for 1hr). Images were captured using a Keyence BZ-X710 fluorescent microscope (Itasca, IL).

2.4. Western blotting {#sec2.4}
---------------------

Mouse retinal homogenates were prepared in RIPA buffer by sonication. Proteins were separated by 4--15% SDS-PAGE gel and probed using primary antibodies for eNOS (ab199956, Abcam, Cambridge, UK) and Catalase (sc-271803). Intensities were normalized to β-actin levels (sc-47778).

2.5. Statistical analysis {#sec2.5}
-------------------------

Two-way ANOVA followed by Tukey multiple comparisons test or student\'s t-test were used to determine differences between experimental groups. Statistical analyses were performed using GraphPad Prism software (GraphPad Software Inc. V6.0, San Diego, CA, USA). Data in bar-plots are expressed as means ± SEM.

3. Results {#sec3}
==========

3.1. Effects of sgp130Fc treatment on body weight and glucose levels {#sec3.1}
--------------------------------------------------------------------

Blood glucose levels and body weight were monitored weekly for the entire duration of the study (10 weeks) ([Fig. 1](#fig1){ref-type="fig"}). The two groups with diabetes showed significantly decreased weight gain compared to non-diabetic groups ([Fig. 1](#fig1){ref-type="fig"}A). Treatment with sgp130Fc was initiated at week 8, and no adverse effects on body weight were observed ([Fig. 1](#fig1){ref-type="fig"}A). Blood glucose levels in non-diabetic animals were in the normal range of 100--120 mg/dL while levels in diabetic mice were consistently in the range of 300--400 mg/dL, with and without sgp130Fc treatment ([Fig. 1](#fig1){ref-type="fig"}B).Fig. 1**Effect of IL-6 trans-signaling inhibition on body weight and blood glucose levels in C57BL/6J diabetic mice.** Body weight (A) and blood glucose levels (B) of all 4 groups of mice were monitored for the duration of the study. IL-6 trans-signaling inhibition using sgp130Fc treatment does not have a significant effect on the body weight and the blood glucose levels in both diabetic and non-diabetic mice. Data represents mean ± SEM, n = 8/group, \*p \< 0.05 vs control.Fig. 1

3.2. Protective effects of sgp130Fc in maintaining oxidative balance in diabetic mice {#sec3.2}
-------------------------------------------------------------------------------------

IL-6 levels in diabetic mice were significantly higher (\~10-fold) than controls and significantly decreased following sgp130Fc treatment ([Fig. 2](#fig2){ref-type="fig"}A). In diabetic conditions, endogenous production of ROS overwhelms the antioxidant capacity leading to oxidative stress. Significantly lower antioxidant capacity was observed in diabetic mice serum (\~0.5 fold) compared to control mice (0.45 *vs* 0.87 mM) ([Fig. 2](#fig2){ref-type="fig"}B). This decrease in antioxidant capacity was mitigated by treatment with sgp130Fc in diabetic mice. The antioxidant capacity in the serum of control mice treated with sgp130Fc was similar to untreated controls (0.81 *vs* 0.87 mM).Fig. 2**sgp130Fc treatment reduces oxidative stress in diabetic mice at systemic level and in the vitreous fluid.** (A) Serum IL-6 levels, (B) total antioxidant capacity in serum, (C) MDA levels in plasma, and (D) carbonyl content in vitreous fluid were measured in control and diabetic mice with and without sgp130Fc treatment. Results are expressed as mean ± SEM. \*p \< 0.05 vs control. †p \< 0.05 vs STZ.Fig. 2

Oxygen free radicals cause peroxidation of phospholipids, leading to accumulation of malondialdehyde (MDA); MDA levels in the blood are an excellent biomarker of lipid peroxidation. In diabetic animals, plasma MDA levels were \~2-fold higher than in non-diabetic controls (34.0 *vs* 14.5 μM) ([Fig. 2](#fig2){ref-type="fig"}C) and were significantly reduced by sgp130Fc treatment. Levels were unchanged in mice treated with sgp130Fc only compared to controls (14.0 *vs* 14.5 μM).

Oxidative damage to proteins results in carbonylation of amino acid side chains, which contribute to diabetes-mediated cellular dysfunction. Previous studies have shown that protein carbonylation is significantly increased in the vitreous of diabetic patients compared to control subjects \[[@bib32]\], indicating the presence of oxidative stress. Protein carbonyl content was significantly increased in the vitreous fluid of diabetic mice compared to control mice (7.0 *vs* 2.9 nmol/mg protein) ([Fig. 2](#fig2){ref-type="fig"}D), and this effect was attenuated by sgp130Fc treatment. No significant change was observed in the protein carbonyl content in control mice treated with sgp130Fc (3.8 *vs* 2.9 nmol/mg).

3.3. Inhibition of IL-6 trans-signaling mitigates diabetes-induced superoxide generation and oxidative damage in the retina {#sec3.3}
---------------------------------------------------------------------------------------------------------------------------

Retinal tissues were incubated with DHE, and superoxide generation was measured as total DHE fluorescence. Superoxide levels were increased (\~1.5-fold) in the retinas of diabetic animals compared to controls ([Fig. 3](#fig3){ref-type="fig"}A). In diabetic animals treated with sgp130Fc, superoxide was reduced to levels seen in control animals, and there was no significant difference between sgp130Fc treated and untreated non-diabetic control animals.Fig. 3**sgp130Fc treatment reduces oxidative damage in diabetic mice retinas.** Retinal sections were stained with (A) dihydroxyethidium (DHE) to measure ROS generation, (B) 8-OHdG, an oxidative DNA damage marker, and (C) MDA. Staining intensities were quantified, and results are expressed as mean ± SEM. \*p \< 0.05 vs control. †p \< 0.05 vs STZ. MFI: Mean fluorescence intensity; GCL: Ganglion cell layer; INL: Inner nuclear layer; ONL: Outer nuclear layer. Scale bar = 100 μm.Fig. 3

A common marker of oxidative DNA damage is 8-oxo-deoxyguanosine (8-OHdG), which is produced during the oxidation of DNA by reactive oxygen species \[[@bib33],[@bib34]\]. Studies have shown that 8-OHdG levels are increased in the serum and urine of diabetic patients \[[@bib35]\]. We measured 8-OHdG levels in mice retinas by immunohistochemistry, and 8-OHdG immunoreactivity was weakly detected in non-diabetic mice, both with and without sgp130Fc treatment ([Fig. 3](#fig3){ref-type="fig"}B). 8-OHdG was strongly detected in diabetic mice, whereas levels in diabetic mice treated with sgp130Fc were significantly reduced, nearly to the levels of controls ([Fig. 3](#fig3){ref-type="fig"}B).

Different layers of retina were evaluated for lipid peroxidation using MDA staining. MDA levels were significantly increased in the ganglion cell layer (GCL), inner nuclear layer (INL), and outer nuclear layer (ONL) of diabetic mice retinas relative to non-diabetic controls ([Fig. 3](#fig3){ref-type="fig"}C), and this elevation was alleviated by treatment with sgp130Fc. Non-diabetic mice treated with sgp130Fc showed levels of MDA staining similar to untreated controls.

3.4. Inhibition of IL-6 trans-signaling restores normal expression of catalase and eNOS in the diabetic mouse retina {#sec3.4}
--------------------------------------------------------------------------------------------------------------------

Earlier studies exploring the role of oxidative stress in the pathogenesis of diabetic retinopathy have shown that diabetes decreases expression of catalase \[[@bib36],[@bib37]\] and endothelial nitric oxide synthase (eNOS) \[[@bib38],[@bib39]\]. Mouse retinal homogenates were evaluated for catalase and eNOS protein levels ([Fig. 4](#fig4){ref-type="fig"}), and both enzymes were significantly reduced in diabetic animals (0.54-fold and 0.47-fold, respectively) as compared to non-diabetic controls. Inhibition of IL-6 trans-signaling using sgp130Fc restored the levels of both enzymes back to control levels. No significant change was observed in the catalase and eNOS protein levels in control mice treated with sgp130Fc.Fig. 4**Inhibition of IL-6 trans-signaling restores normal catalase and eNOS expression in mouse retinal tissue.** (A) Catalase and (B) eNOS protein levels were measured by western blot in mouse retinal tissue. n = 4--8/group. Results are expressed as mean ± SEM. \*p \< 0.05 vs control, †p \< 0.05 vs STZ.Fig. 4

4. Discussion {#sec4}
=============

IL-6 signaling occurs via two mechanisms: classical signaling through a membrane-bound receptor (mIL-6R), or trans-signaling through a soluble receptor (sIL-6R). In trans-signaling, sIL-6R associates with IL-6 in circulation and the complex binds to gp130 on the cell membrane to initiate downstream signaling. Evidence suggests that IL-6 trans-signaling might be responsible for many of the pro-inflammatory effects of IL-6 \[[@bib13]\]. Of clinical relevance, IL-6 trans-signaling can be selectively inhibited by the fusion protein sgp130Fc \[[@bib40]\]. We recently published that stimulation of IL-6 trans-signaling increased oxidative stress, H~2~O~2~ levels, mitochondrial superoxide, and mitochondrial dysfunction in HRECs \[[@bib27]\] and that these effects could be inhibited by treatment with sgp130Fc. The goal of this study was to determine the effects of selective inhibition of IL-6 trans-signaling on oxidative stress in an *in-vivo* model of diabetic retinopathy.

Diabetic retinopathy is a systemic disease, and the roles of vascular inflammation and oxidative stress in DR are well-known \[[@bib3],[@bib7],[@bib41]\]. Chronic hyperglycemia is associated with retinal vascular inflammation, increased endothelial permeability, and barrier dysfunction \[[@bib42],[@bib43]\]. These pro-inflammatory effects of hyperglycemia on retinal endothelial cells are mediated by inflammatory cytokines rather than increased cellular glucose uptake \[[@bib44]\]. Additionally, oxidative stress is important in the development and progression of DR \[[@bib23],[@bib24],[@bib45]\]. Compared to other tissues, the retina is particularly vulnerable to oxidative stress due to its high levels of glucose oxidation, oxygen consumption, and fatty acid content, which increase the risk of oxidative damage \[[@bib46]\].

Recently, IL-6 has emerged as an important factor in diabetic retinopathy pathogenesis \[[@bib47], [@bib48], [@bib49]\]. IL-6 is implicated in vascular inflammation and remodeling, and levels of IL-6 in vitreous fluid are correlated with disease severity \[[@bib9],[@bib50],[@bib51]\]. While both IL-6 signaling and oxidative stress contribute to DR development, relatively little has been published about a potential relationship between these two processes and few mechanistic links have been proposed. IL-6 is reported to increase oxidative stress in vascular endothelial cells by inducing expression of the angiotensin II type 1 receptor \[[@bib52]\]. In the retina specifically, IL-6^−/−^ mice show significantly lower levels of superoxide generation in response to angiotensin-II stimulation than wildtype mice \[[@bib51]\], suggesting a link between IL-6 and oxidative stress in retinal pathology. In the present study, we found that selective inhibition of IL-6 trans-signaling reduces systemic oxidative stress in diabetic mice and decreases diabetes-induced oxidative damage within the retina. To our knowledge, this is the first evidence specifically linking the inhibition of IL-6 trans-signaling with reduced retinal oxidative stress.

Catalase is one of the most crucial enzymes that mitigates oxidative stress and is responsible for the conversion of H~2~O~2~ to molecular oxygen and water. Low levels of catalase expression are correlated with higher H~2~O~2~ levels \[[@bib53]\]. Endothelial nitric oxide synthase catalyzes the production of NO, a crucial mediator of vasodilation known to be reduced in oxidative stress \[[@bib54]\]. In this study, we found reduced catalase and eNOS levels in diabetic mice retina. Several others have also reported reduced catalase and eNOS under diabetic conditions \[[@bib36], [@bib37], [@bib38], [@bib39]\]. To our knowledge, the relationship between IL-6 trans-signaling and catalase or eNOS expression has not yet been described. PI3K/Akt/mTOR signaling, a downstream effector of IL-6, has been shown to inhibit catalase in some cancer cells \[[@bib55],[@bib56]\], but IL-6 classical signaling has also been linked with increased catalase activity \[[@bib57]\]. IL-6 classical signaling has been reported to decrease eNOS activity \[[@bib58],[@bib59]\], while elevated oxidative stress has been associated with increased eNOS activity \[[@bib60]\]. Future work will aim to characterize the relationship between IL-6 trans-signaling and these enzymes, as well as the precise mechanism linking IL-6 trans-signaling to oxidative stress.

In conclusion, our study provides evidence supporting a novel link between IL-6 trans-signaling and the disruption of oxidative balance in the diabetic retina, thereby demonstrating the therapeutic potential of sgp130Fc in the treatment of DR.
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